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Abstract – Pollen of wind-pollinated plants such as grapevine rapidly dries out and is blown away after the anthers
dehisce. Therefore, from the point of view of a pollen-collecting bee, pollen from wind-pollinated flowers is best
collected soon after it becomes exposed. In grapevine, pollen becomes available immediately after the calyptra is
shed, a process also referred to as capfall. We show, for the first time, that honey bees foraging on grapevine actively
remove the calyptra from flowers. Using manual cap removal, we estimate that cap removal increases the pollen
yield by 70 % compared to collecting pollen from flowers after capfall. The bees selectively foraged on inflores-
cences with high numbers of loose caps, thus further enhancing their pollen revenue. We discuss the possible
benefits of cap removal by honey bees for the development of individual berries and grape bunches of certain
varieties.
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1. INTRODUCTION
Foraging animals often enhance their returns
by responding to the patterns of rewards encoun-
tered (Charnov 1976). For example, bees use a
range of cues including olfaction, vision, and
probing to distinguish between rewarding and
unrewarding flowers and are known to modify
flower visitation according to signals related to
the quantity of nectar available (Goulson 1999;
Leonard et al. 2011). Such responsiveness is par-
ticularly important when the potential to acquire a
valuable reward is constrained by time, for exam-
ple due to intense competition or when the re-
sources themselves are ephemeral.
Wind-pollinated plants present ephemeral
sources of pollen for palynivorous insects. While
wind pollination generally coincides with the
production of large amounts of pollen (Faegri
and van der Pijl 1971), the pollen release is syn-
chronous (Bolmgren et al. 2003), and after the
flower opens, pollen loss is rapid as the drying
pollen grains are removed by the wind. Therefore,
it is expected that bees foraging for pollen from
wind-pollinated flowers develop strategies to en-
hance rewards by preferentially visiting newly
opened flowers. In this context, we studied
the forging strategies of honey bees (Apis
mellifera L.) on the inflorescences of grapevine
(Vitis vinifera L.).
In grapevine, anthesis starts with abscission of
the fused petals, or cap, leading to capfall, which
occurs mainly in the morning hours, between 6
a.m. and 10 a.m. (Pratt 1971; Staudt and
Kassemeyer 1984; Vasconcelos et al. 2009). The
anthers dehisce before or very soon after capfall
(Staudt 1999; Vasconcelos et al. 2009), after
which the pollen grains dry and disperse by wind.
Thus, it is expected that the amount of pollen per
flower available decreases from the time capfall.
The progress of capfall within an inflorescence
follows a sigmoidal curve in grapevine (Pratt
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1971). Thus, inflorescences that have around
50 % open flowers have a relatively high rate of
capfall and are therefore expected to have a higher
amount of pollen available compared to inflores-
cences in other s tages of cap release.
Consequently, if honey bees base their visitation
on reward availability, they should preferentially
visit inflorescences that have lost about 50 % of
their caps, as in these inflorescences fresh pollen
become available at the highest rate.
While observing foraging behaviour, we no-
ticed calyptrae falling out of bunches that were
visited by honey bees. In addition, the bees
seemed to search for flowers with lose caps and
actively remove these, sometimes using their
mandibles to pull on a loose lip of the cap (pers.
obs.). This suggested that the bees actively re-
moved caps from grape flowers, a behaviour that
has not been previously described in honey bees.
Describing this behaviour may seem trivial, but
cap removal could have both negative and posi-
tive consequences for grape development and
health. For example, nearly all of the pollen that
is taken out of the system by the bees will not
contribute to pollination and could therefore be
interpreted as a form of pollen theft (Hargreaves
et al. 2009). On the other hand, movement by bees
among wind-pollinated flowers can increase the
distance travelled by pollen kernels and the dis-
tance over which flowers are pollinated (Mangla
and Tandon 2011), which may be beneficial in
some grape varieties (Free 1993). In addition,
loose caps in bunches, and caps that remain stuck
on flowers, provide opportunities for colonisation
by pathogens (Nair et al. 1988). Furthermore, in
some varieties, such as Pinot Noir, persistence of
the calyptra can cause the development of mal-
formed grapes and bunches (Friend et al. 2003;
Heazlewood and Wilson 2004).
To elucidate whether the bees actually removed
caps and to evaluate the significance of cap re-
moval of grapevine flowers by honey bees for
pollen yield, we combined behavioural observa-
tions and experimental approaches to investigate:
(a) whether honey bee foraging on grapevine en-
hanced capfall, (b) whether the bees had a prefer-
ence for bunches that have a high capfall rate and
thus a high number of lose caps and (c) whether
cap removal increased their pollen reward
compared to searching for flowers that had just
lost their caps.
2. MATERIALS AND METHODS
The trials were performed in two vineyards on the
University of Adelaide Waite Campus (South Australia,
−34 58', 138 37'): ‘Coombe’ and ‘Alverstoke’, in spring
2011 and 2013. Both vineyards are used for teaching
and research and contain numerous varieties of grape-
vine. The honey bee density was high in the immediate
area; a small bee stand (5–10 hives) was situated
150 m W of the Coombe vineyard, and the arboretum
surrounding the vineyards has a density of 28 feral
honey bee hives/km2 (Hogendoorn & Fung pers. obs.).
2.1. Visitation by bees to inflorescences
at different stages of capfall
To assess whether the bees preferentially visited
inflorescences with high frequencies of capfall, we
quantified the frequency of visits by bees to inflores-
cences at three stages of capfall (around 20, 50 and 80%
capfall) in a single row of flowering Grenache, on four
mornings between 27 October and 2 November 2011,
between 8 a.m. and 11 a.m. The frequency of visitation
of the different categories by honey bees was assessed
by walking at a pace of 1 km/h along the row and
assessing the flowering category of each inflorescence
on which a honey bee was seen to land. These frequen-
cies were then compared to expected frequencies, which
were based on the relative abundance of inflorescences
in the different categories. These relative abundances
were assessed just prior to the observations of bee
behaviour, by categorising the flowering stage of 12
randomly chosen inflorescences in each vine in the
row of Grenache (n =40 vines, 480 inflorescences).
The data collected for each day were analysed using a
chi-square test, and the overall significance was tested
using Fisher’s combined probability test.
2.2. Behaviour of foraging bees
and consequences for capfall
Cap removal behaviour by honey bees from flowers
was observed and quantified in two ways. First, in a
matched-pairs comparison, capfall was assessed by
holding a hand for 10 s under a inflorescence that had
both capped and uncapped flowers, while no honey bee
672 K. Hogendoorn et al.
was seen foraging on the inflorescence. After this, the
inflorescence was observed for a 3-min period. If, in the
scope of these 3 min no honey bee landed to forage at
the inflorescence, a different inflorescence was selected
and the process was repeated. If a honey bee did land
within the 3-min period, the same hand was again held
under the inflorescence for 10 s, to collect fallen caps. In
this way, the number of caps that fell within 10 s before
and during a honey bee visit was recorded for 30 open
pollinated inflorescences. The data were analysed using
a Wilcoxon’s matched-pairs signed-ranks test.
To verify that the foraging activity of the bees result-
ed in cap removal from flowers, rather than in loose
caps falling out of visited inflorescences, we performed
exclusion and inclusion tests in purposely designed
tunnel-shaped cages, made out of fly-screen (8 m by
2 m wide and 2.6 m high). The cages were erected over
two 8-m sections of grapevines in a single row of
Merlot, Cabernet Sauvignon and Chardonnay before
the onset of flowering (23 October 2011). On the same
day, 22 randomly chosen inflorescences with fully
capped flowers were tagged in each tent for later eval-
uation. The next day, a queen-right nucleus honey bee
hive was placed in one of the two cages per varietal. The
hives contained approximately 1000 workers, a frame
of eclosing brood, a full frame of honey and an empty
frame. The other cage served to exclude bees and other
visitors. Towards the end of flowering, when virtually
all caps had dried or fallen off (4 November 2011 for
Chardonnay and Merlot, 8 November 2011 for
Cabernet Sauvignon), the flowers with dried calyptras
attached were counted on tagged inflorescences in all
six cages. Per varietal, the influence of the presence of
honey bees on the number of dried caps per inflores-
cence was evaluated using t tests.
2.3. Does cap removal of flowers lead
to higher pollen rewards?
To investigate the significance of bees searching for
flowers with loose caps, we assessed the pollen content
of three types of grape flowers from the variety
Grenache in the two vineyards.
(a) ‘Cap on’ Flowers with a partially abscised
calyptra that was still covering the
anthers.
(b) ‘Removed’ Flowers as in (a) from which we
manually removed the partially
abscised calyptra prior to collection.
Removal was done using forceps to
first pick the flower and gently
squeeze the calyptra. If this resulted
in complete abscission, the calyptra
was subsequently carefully lifted
off the flower, which was then
moved into a vial.
(c) ‘Cap off’ Flowers that had recently lost their
calyptra. These were recognised by
the light colour of the anthers and
the fact that the anthers had not as
yet stretched to their final star
shape.
Ten flowers of each type were collected in a single
1.5-mL vial (n =10 replicates per vineyard) containing
1 mL of water with a drop of polyoxyethylene (20)
sorbitan monolaurate per 500 mL. The vials were
vortexed for 10 s to loosen the pollen kernels from the
anthers. The pollen kernels were counted in two aliquots
per sample using standard haematocytometric tech-
niques. Analysis of variance was used to compare the
pollen counts of each type of flower. The data were
analysed using a univariate ANOVA, followed by post
hoc comparisons using Games-Howell tests.
All statistical analyses were done in SPSS (IBM
Corp 2011).
3. RESULTS
3.1. Honey bees remove caps
from grapevine flowers
Behavioural observations showed that honey
bees remove caps from grapevine flowers
(Figure 1). Not only were calyptrae seen to open
as a result of the movement of the bees on the
inflorescences, the bees were also observed
pulling on partially opened calyptrae, which could
result in cap removal (Hogendoorn pers. obs.).
Caps fell significantly more often within 10 s
after a bee started foraging on an inflorescence,
than in 10 s within the 3 min preceding the arrival
of the bee (Wilcoxon’s matched-pairs signed-
ranks test, z =4.34, P <0.0005; Figure 2a). In
some cases, these caps had been hanging lose in
the bunch (‘bunch trash’), in other cases they
came off the flowers (Figure 1).
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In the cages, the number of flowers covered by
dried calyptrae was significantly higher in the exclu-
sion cage than in the bee cages withMerlot (t =7.55,
P <0.0005, d.f.=36) and Cabernet Sauvignon (t =
5.13,P <0.0005, d.f.=40). For Chardonnay, this was
not found (t =0.41; P =0.69, d.f.=35; Figure 2b).
3.2. Cap removal leads to higher pollen
rewards
There was a significant difference in pollen yield
between flowers that had loose caps, those that had
their caps manually removed and those that had just
lost their caps naturally in both vineyards (ANOVA:
Alverstoke: F (2,27)=7.61, P =0.002; Coombe:
F (2,32)=14.27, P <0.001; Figure 3). Flowers with
a partially abscised calyptra contained significantly
more pollen grains than flowers that had recently
dropped their caps (Games-Howell test: Alverstoke:
P =0.006; Coombe: P =0.001).
While manual removal of the calyptra resulted in
some loss of pollen, the difference with flowers cov-
ered by a partially abscised calyptra was not signifi-
cant (Games-Howell test: Alverstoke: P =0.17;
Coombe: P =0.20). Manually uncapped flowers
contained significantly more pollen than flowers that
had recently lost their caps (Games-Howell test:
Alverstoke: P =0.02; Coombe: P =0.001).
Assuming that uncapping by hand and by bees
lead to similar pollen losses, wewould predict that
bees harvest 72 % more pollen through cap re-
moval than by visiting recently uncapped flowers.
a b c
cap
Figure 1. A photographic sequence showing the removal of the calyptra from a grape flower (Grenache) by a honey
bee worker. a Flower with the calyptra attached. b The cap has been removed. c The newly opened flower is visible.
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Figure 2. a The number of caps that fell from flowering inflorescences during a period of 10 s within 3 min before
(white bars ), and directly after a honey bee landed (black bars ). b Box plot of the number of ovaries covered with
dried calyptrae per inflorescence at the end of flowering in cages that included (white) and excluded (hatched) honey
bees.
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3.3. Bees preferentially visit inflorescences
with high capfall
Bees actively distinguish between flowering
stages of inflorescences while foraging (Fisher’s
combined probability test χ 2=24.91, P =0.0006;
Figure 3). Averaging over the four observational
days, the inflorescences with 20 % open flowers
received less visits than expected while the inflores-
cences with 50 % open flowers received more visits
than expected on the basis of the numbers present.
The inflorescences with 80 % open flowers received
the expected number of visits.
4. DISCUSSION
Using a combination of behavioural observa-
tion and experimental manipulation, we have
demonstrated that honey bees remove caps from
grapevine flowers, which can lead to a higher
pollen yield, and that, depending on the variety,
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Figure 3. a The number of pollen grains per flower (x1000, ±s.e.) in Grenache when the partly abscised calyptra
was present (Cap on ), when the abscised calyptra was removed manually (Removed ), or soon after natural capfall
(Cap lost ). Open dots Alverstoke vineyard, closed dots Coombe vineyard. b Average observed (black bars ) and
expected (white bars ) number of visits by honeybees to inflorescences at different stages of flowering
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this can reduce the number of caps that stuck to
the developing ovaries.
This is the first time cap removal has been
demonstrated as a foraging strategy for honey
bees. Other bee species have been observed to
remove the operculum form Eucalyptus flowers
(Houston 2000), but these observations do not
automatically lead to the prediction that honey
bees behave in the same way. This is because
foraging strategies differ between bee species.
For example, the use of vibration to collect pollen
from buzz pollinated plants (Thorp 2000) and
nectar robbing (Maloof and Inouye 2000), have
been observed in numerous bee species, but have
never been recorded for honey bees. So far, re-
moval of caps from grapevine flowers has not
been described for any other bee species.
During the visits of honey bees to grapevine
inflorescences, caps fell at a significantly higher
rate than at other times. Some of these falling caps
would have been hanging in the bunch (‘bunch
trash’). However, our experimental finding that
honey bee presence reduced the number of
stuck-on caps in Merlot and Cabernet Sauvignon
demonstrates that at least a proportion of the
calyptrae were removed directly off the flowers.
While cap removal by honey bees was demon-
strated for Merlot and Cabernet Sauvignon, it was
not shown for Chardonnay. This result may be a
consequence of our experimental set up: If dried
caps are shed during berry growth, we may have
been too late to assess effects as, at the time of our
experiment, flowering was more advanced in this
variety. Alternatively, the Chardonnay flowers may
not have been attractive to bees, or the caps may
have been on either too tight or too loose for the bees
to have an effect on cap removal. Ad hoc observa-
tions of all varieties in the vineyard indicated large
differences in the number of bees visiting the differ-
ent flowering varieties (Hogendoorn pers. obs.), but
the reasons for this variation visitation are not as yet
understood.
It is likely that, by removing caps, the bees
increase their pollen yield compared to collection
of pollen from flowers that had recently dropped
their caps. This is supported by our evidence that
manual removal of lose caps lead to a 72 % in-
crease in pollen yield compared to collecting pollen
from recently opened flowers. However, the
benefit of manual cap removal may not accurately
reflect that of cap removal by the bees, as different
factors could further influence the pollen yield. For
example, bees may be more efficient than humans
at capturing the pollen that is released during cap
removal as both the hairs on the bee’s body and
differences in electric loading between the pollen
and the bee will enhance pollen capture (Corbet
et al. 1982). In conjunction with this, the air
movement produced by the wing beat and body
movement of the bee on the inflorescence could
cause a reduction of the amount of pollen loss
in recently opened flowers. On the other hand,
the movement of the bee during uncapping may
cause more pollen to be distributed by the wind
than our careful manual cap removal. Thus,
while the existence of benefits for cap removal
in terms of pollen collecting rate seems likely,
this remains to be quantified and such quantifi-
cation will require incorporation of search and
handling times.
The bees preferentially visited the more reward-
ing inflorescences, i.e. inflorescences with high rates
of capfall, but how did they recognise them? Visual
recognition seems unlikely, as flowers of grapevine
are small and green which makes them visually
unattractive to bees, and they are often situated
under foliage, where it is relatively dark. Because
the bees distinguished between more and less re-
warding inflorescences without landing, it seems
likely that they identified the stage of the inflores-
cences using volatiles. Grapevine does not produce
nectar, but there are several other possible sources of
volatiles. Firstly, it has been suggested that stigmatic
exudate, only present in recently uncapped flowers,
is attractive for bees (Vasconcelos et al. 2009).
Secondly, the pollen itself produces volatiles that
are attractive to insects (Martin et al. 2009).
Thirdly, it is possible that the bees specifically
recognised the grape flowers with loose caps, for
example on the basis of sesquiterpenes, that are
released under the cap in the period just before
capfall (Martin et al. 2009) and would be discharged
when the cap first opens under pressure.
Sesquiterpenes play multiple ecological roles, e.g.
in chemical communication in bees (Leonhardt
2010), in defence against pathogens and in pollina-
tor attraction (Huang et al. 2012). The ability of bees
to directly detect grape flowers with loose caps and
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the possible role of volatiles in this recognition need
to be verified.
While pollination by bees is unimportant
in nearly all grape varieties (Free 1993;
Vasconcelos et al. 2009), the removal of caps by
honey bees could be important in several ways.
For example, caps that fall from the flowers but
are retained in the bunches can be sources of
Botrytis infections later in the growing season
(Nair et al. 1988). In addition, cap removal by
honey bees could be important for varieties where
persistence of the calyptra has consequences for
fertilisation and consequent development of the
fruit. One such variety is Pinot Noir, where the
occurrence of millerandage has been associated
with failure of caps to fall (Friend et al. 2003), and
persistence of the calyptra causes the formation of
live green ovaries (Heazlewood and Wilson
2004). Other varieties that potentially suffer from
this phenomenon are Merlot and Shiraz.
However, in these varieties, the importance of
cap retention for the development of millerandage
has not as yet been established.
Apart from a possibility to deploy honey bees
for the reduction of millerandage, bees could also
be used for targeted delivery of biological control
agents for control of Botrytis bunch rot. This
disease, caused by the fungus Botrytis cinerea ,
is responsible for significant economic damage in
vineyards worldwide (Elmer and Michailides
2007; LaGuerche et al. 2006). The pathogen enters
the floral tissue, either through the cap scar or
through the style and then remains latent, resuming
pathogenic development as the fruit ripens (e.g.
Holz et al. 2003). To prevent latent infection, two
or three fungicidal sprays against B. cinerea are
recommended during flowering. However, due to
both the growing incidence of resistance against
synthetic fungicides and concerns for environmen-
tal health, the industry is moving increasingly to-
wards the use of biological control agents (Elmer
and Reglinski 2006). A beneficial Trichoderma
species, Trichoderma koningii , is currently
marketed in Australia for the control of latent in-
fection of Botrytis bunch rot in grapevine (Metcalf
2012). The foraging preferences of the honey bees
would place them at the right location and time to
deliver biological control agents for control of
Botrytis bunch rot through entomovectoring
(Mommaerts and Smagghe 2011). Trials for this
application are currently under way.
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